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Abstract 
Surface characterization of a homoepitaxial E-FeSi2 film grown on a E-FeSi2 single crystal synthesized with a temperature-
gradient solution method was performed by X-ray photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS). 
The annealing to remove native oxide layers on the crystal before homoepitaxial growth induced the formation of Fe-rich silicide
in the surface. The XAS spectra confirm that the homoepitaxial E-FeSi2 film can be grown on the crystal, while Fe-rich silicide is 
partially formed. The control of the surface chemical state is important to obtain homoepitaxial films with excellent quality. 
© 2010 Published by Elsevier B.V. 
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1. Introduction 
Among semiconducting silicides, E-FeSi2 is considered promising as a candidate material for application to 
optoelectronic devices. In the recent years, one of the authors has developed a method to synthesize large single 
crystalline E-FeSi2 by solution growth using Ga solvent [1,2]. Since then, there is a growing expectation that this can 
be used as a substrate for homoepitaxial growth of E-FeSi2 films, which will open a way to various applications as 
semiconducting devices. 
In order to fabricate homoepitaxial films with excellent quality, well controlled surfaces of substrates as well as 
optimized growth conditions are necessary. Therefore, the knowledge of surface chemical states is considerably 
important. As a conventional technique, X-ray photoelectron spectroscopy (XPS) combined with Ar ion beam 
sputtering is utilized to perform depth profiling of the surface chemical states. However, the use of ion beam 
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sputtering causes segregation and preferential sputtering of atoms, yielding incorrect information on the surface 
chemical states [3].  
In the present study, non-destructive depth analysis by a combination of XPS and X-ray absorption spectroscopy 
(XAS) is applied to clarify surface chemical states of a E-FeSi2 single crystal and a homoepitaxial E-FeSi2 film on 
the single crystal. Depth profiling is performed by XPS with various excitation X-ray energies emitted from 
synchrotron radiation. Information on the chemical states at deeper region is also obtained with XAS.  
2. Experimental 
E-FeSi2 single crystals with several millimeter in width were synthesized with a temperature-gradient solution 
method using Ga-solvent [1,2]. The (111) face of the single crystal was prepared through mechanical polishing 
followed by chemical etching with HF solution. The single crystals were annealed at 1173 K to remove native oxide 
layers. A E-FeSi2 film with the thickness of 50 nm was grown on the annealed single crystal by molecular beam 
epitaxy (MBE) at a temperature of 1173 K. All samples, that is, the single crystals before and after annealing, and 
the film were exposed to ambient air for 5 days, prior to XPS and XAS analyses. The XPS and XAS measurements 
were performed at a beam line 13C of the Photon Factory in the High Energy Accelerator Research Organization 
(KEK-PF). Here, the Si 2p XPS and Fe L-edge XAS spectra were measured. In the XPS measurement, excitation X-
ray energies were set at 254, 505 and 775 eV. All spectral binding energies were referenced to the C 1s peak given 
by adventitious hydrocarbon on the samples (284.8 eV). Each spectrum was fitted by Gaussian-Lorentzian 
envelopes using a CASA XPS software. The Fe L-edge XAS spectra were obtained by dividing the signals from the 
samples recorded on a channeltron in the total-electron-yield mode.  
3. Results and discussion 
Figure 1 shows Si 2p XPS spectra of the E-FeSi2 single crystal measured with the excitation X-ray energy ranging 
from 254 to 775 eV. Four peaks are observed in all spectra. The peaks at 102.9 and 100.6 eV are assigned to SiO2
and SiO2-X, respectively. Two features at lower binding energies (99.5 and 98.9 eV) can be attributed to Si 2p1/2 and 
2p3/2 levels in FeSi2, respectively [4]. By changing the excitation X-ray energy, the kinetic energy of photoelectrons 
can be varied. Since the escape depth of photoelectrons is a function of the kinetic energy, depth profiling can be 
achieved by changing X-ray energy. The increase in the intensity ratio of the peak at 102.9 eV with decreasing 
excitation energy means the formation of SiO2 at the upper surface layer on the crystal. The formation of SiO2-X at 
the lower surface layer is also deduced from the spectra. A simulation for the oxide layers indicates that the 
thicknesses of the SiO2 and SiO2-X layers are estimated to be 0.8 and 0.2 nm, respectively. Details of the simulation 
method were described in a previous paper [5]. The total thickness of these native oxide layers (1.0 nm) is consistent 
with those estimated by Rebien et al. [6] and Saito et al. [7]. 
Yamada et al. [8] indicated that surface oxide layers on E-FeSi2 single crystals could be removed by annealing at 
1123 K in an ultra-high vacuum. Therefore, annealing was carried out in this study, prior to the homoepitaxial 
growth by MBE.  Figure 2 shows the changes in the Si 2p XPS spectra by annealing at 1173 K and the following 
homoepitaxial growth. These spectra were obtained with an excitation X-ray energy of 505 eV. For the E-FeSi2
single crystal, a Si 2p3/2 peak at 98.9 eV is observed in addition to a Si 2p1/2 peak at 99.5 eV. The Si 2p3/2 peak is, 
however, slightly shifted to higher binding energy by annealing at 1173 K. Hong et al. [4] indicated that the increase 
in the ratio of Fe in iron silicide caused chemical shift toward higher binding energy, based on Si 2p XPS analysis. 
Therefore, the shift of the Si 2p3/2 peak toward higher binding energy implies the formation of Fe-rich silicide 
(FeSi2-X) by annealing. Since iron-silicon system allows the formation of an H phase FeSi at high temperature, the 
shift suggests the formation of FeSi in the surface of the crystal. In contrast, the Si 2p3/2 peak position in the 
spectrum of the homoepitaxial E-FeSi2 film is almost the same as that of the E-FeSi2 single crystal. This indicates 
that relatively homogeneous E-FeSi2 film is formed on the E-FeSi2 crystal, though the annealing allows the 
formation of FeSi in the surface of the crystal. The formation of FeSi by annealing is also implied by Matsumura et 
al. [9], based on the results obtained by an atomic force microscope (AFM) and a scaning electron microscope 
combined with an energy dispersive X-ray analyzer (SEM-EDX).  Their study shows that the dip structure of FeSi is 
formed in the surface of the crystal by annealing. 
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Fig. 1  Si 2p XPS spectra of the E-FeSi2 single crystal measured with the excitation energies ranging from 254 to 970 eV. 
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Fig. 2  Si 2p XPS spectra of the E-FeSi2 single crystal before and after annealing, and the homoepitaxial E-FeSi2 film grown on the crystal. These 
spectra were obtained with an excitation X-ray energy of 505 eV.  
Inelastic mean free paths of photoelectrons in XPS analysis are below a few nm. In order to obtain information on 
chemical states at a deeper region, we carried out XAS measurement for Fe L-edge. According to Akgül et al. [10], 
the attenuation length in Fe L-edge XAS is estimated to be about 17 nm. Figure 3 shows the Fe L-edge XAS spectra 
of the E-FeSi2 single crystal before and after annealing, and the homoepitaxial E-FeSi2 film grown on the crystal. 
The spectrum of the E-FeSi2 single crystal corresponds to that of the E-FeSi2 film fabricated by ion beam sputter 
deposition [5]. The intensity ratio of the peak at 707.3 eV increases by annealing at 1173 K, suggesting the 
formation of Fe-rich silicide. This result is consistent with that in the XPS analysis. A slight increase in the intensity 
ratio of the peak at 707.3 eV is also observed in the spectrum of the homoepitaxial film. This means that the 
homoepitaxial E-FeSi2 film can be grown on the E-FeSi2 single crystal, while Fe-rich silicide is partially formed in 
the film.  
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Fig. 3  Fe L-edge XAS spectra of the E-FeSi2 single crystal before and after annealing, and the homoepitaxial E-FeSi2 film grown on the crystal. 
4. Conclusions 
Surface characterization of the homoepitaxial E-FeSi2 film grown on the E-FeSi2 single crystal was performed by 
a combination of XPS and XAS. The Si 2p XPS spectra indicate that Fe-rich silicide is formed in the surface of the 
crystal by annealing at 1173 K. The similarity in the Fe L-edge XAS spectra between the single crystal and the 
homoepitaxial film confirms that the homoepitaxial E-FeSi2 film can be grown on the E-FeSi2 single crystal, while 
Fe-rich silicide is partially formed in the film. The control of the chemical state is important to obtain homoepitaxial 
films with excellent quality. 
Acknowledgements 
This work has been performed with the approval of the Photon Factory Program Advisory Committee (PF-PAC 
No. 2008G575). This work was partially supported by the Grant-in-Aid for Scientific Research (C) (No. 21560765), 
Japan Society for the Promotion of Science (JSPS). 
References 
[1] H. Udono and I. Kikuma, Jpn. J. Appl. Phys. 39 (2000) L225 
[2] H. Udono and I. Kikuma, Jpn. J. Appl. Phys. 41 (2002) L583. 
[3] R. Reiche, S. Oswald, K. Wetzig, M. Dobler, H. Reuther and M. Walterfang, Nucl. Instrum. Meth. B 160 (2000) 397. 
[4] S. Hong, U. Kafader, P. Wetzel, G. Gewinner and C. Pirri, Phys. Rev. B 51 (1995) 17667. 
[5] F. Esaka, H. Yamamoto, N. Matsubayashi, Y. Yamada, M. Sasase, K. Yamaguchi, S. Shamoto, M. Magara and T. Kimura, Appl. Surf. Sci.  
256 (2010) 3155.  
[6] M. Rebien, W. Henrion, H. Angermann and A. Röseler, Surf. Sci. 462 (2000) 143. 
[7] T. Saito, H. Yamamoto, K. Yamaguchi, T. Nakanoya, K. Hojou, M. Haraguchi, M. Imamura, N. Matsubayashi, T. Tanaka and H. Shimada, 
Nucl. Instrum. Meth. B 206 (2003) 321. 
[8] Y. Yamada, I. Wakaya, S. Ohuchi, H. Yamamoto, H. Asaoka, S. Shamoto and H. Udono, Surf. Sci. 602 (2008) 3006.  
[9] S. Matsumura, K. Ochiai, H. Udono, F. Esaka, K. Yamaguchi, H. Yamamoto and K. Hojou, Phys. Proc., submitted. 
[10] G. Akgül, F. Aksoy, A. Bozduman, O.M. Ozkendir, Y. Ufuktepe and J. Lüning, Thin Solid Films 517 (2008) 1000. 
F. Esaka et al. / Physics Procedia 11 (2011) 150–153 153
